Objectives: Reactive oxygen species (ROS) are associated with aging. Astaxanthin is a strong antioxidant and has been reported to prevent various ROS-induced diseases. In the current study, we investigated the effect of astaxanthin on age-associated histological and mRNA changes of vocal folds.
Introduction
Many hypotheses of aging have been proposed including the reactive oxygen species/mitochondria theory, the DNA/genetic theory, and the telomerase theory, 1, 2 although none of these theories completely accounts for aging. Reactive oxygen species (ROS) are candidates for aging factors. ROS are normal by-products of cellular metabolism. Under basal conditions, 3-5% of the total oxygen consumed by mitochondria is converted to ROS. 3, 4 Therefore, mitochondria are thought to be exposed to ROS during a lifetime. The accumulation of ROS damage during aging oxidizes lipids, consequently modifying membrane lipid composition and reducing its fluidity. Finally, ROS increase mitochondrial membrane rigidity and reduce efficiency of mitochondrial oxidative phosphorylation, resulting in cell apoptosis. 5, 6 Thus, regulation of ROS may be a target for anti-aging therapy or treatment of age-associated diseases. Catalase is an anti-oxidant enzyme and catalyzes the reduction of hydrogen peroxide (H2O2) before H2O2 is converted to hydroxyl radicals, which are highly aggressive. Schriner et al. reported that overexpression of catalase in mitochondria leads to a reduction of oxidative stress and an extension of lifespan. 7 In addition, age-associated diseases including cardiovascular diseases and diabetes have been reported to be improved by antioxidant agents. 8, 9 The age-associated changes of human voices include harshness, reduced loudness, increased breathiness, and unsteadiness, 10 which can lead to an impairment in the quality of life. These age-associated changes result from several factors including the loss of respiratory function, laryngeal muscle atrophy, neurological changes, and microstructural changes of the vocal fold mucosa. Previous studies investigated age-associated histological changes in the lamina propria (LP) of the vocal folds. It was reported that elastic fibers and hyaluronic acid (HA) were reduced and, conversely, collagenous fibers were increased with aging. [11] [12] [13] [14] [15] Chen and Thibeault investigated gene expression of human vocal fold fibroblasts from various aged donors and showed that gene expression levels for collagen I, collagen VI, procollagen I and elastin decreased with increasing age of the donor. 16 These age-associated changes of gene expression may result in age-associated histological changes of vocal folds.
Astaxanthin is a xanthophyll carotenoid and occurs naturally in living organisms, particularly in the marine environment. 17, 18 Astaxanthin has a strong antioxidant effect as a potent quencher of singlet oxygen and many studies have shown favorable effects of astaxanthin on the regulation of oxidative stress. 8, [18] [19] [20] For example, Gross et al. demonstrated that the administration of astaxanthin decreased myocardial infarct size through reducing ischemia-reperfusion injury caused by ROS. 20 Hama et al. reported that topical administration of astaxanthin to the skin prevented damage induced through oxidative stress by ultraviolet irradiation. 21 Regarding the vocal folds, we demonstrated previously that astaxanthin treatment significantly reduced oxidative stress in the LP during the early phases of vocal fold wound healing and significantly reduced tissue contraction with favorable deposition of HA in the LP. 22 Considering the ROS aging theory, we hypothesized that a reduction of oxidative stress in the cells of the vocal fold, such as fibroblasts, may lead to the attenuation of down-regulation of gene expression involved in ECM organization and prevent age-associated changes of vocal folds. To address this hypothesis, in the current study, we investigated the effect of astaxanthin on age-associated histological changes of vocal folds. After feeding rats on a diet containing astaxanthin for 12 months, we examined the histology and immunohistochemistry of 4-hydroxy-2-nonenal (4-HNE), an Thirty Sprague-Dawley rats were used in this study. Ten thirteen-month-old rats were used to investigate the transmission into vocal fold mucosa of astaxanthin, which was administered orally. After 100 mg/day/kg astaxanthin was administered by oral gavage daily for seven days, rats were humanely euthanized with an intracardiac injection of sodium pentobarbital (200 mg/kg) after inhalative sedation with diethyl ether. And then whole larynges were harvested for high-performance liquid chromatography (HPLC).
Twenty six-month-old male rats were used to investigate the age-associated changes of vocal fold. Ten rats were fed a normal powder diet supplemented with 0.01% (w/w) astaxanthin (aged Ast-treated group), while the other ten rats were fed a normal powder diet without astaxanthin (aged sham-treated group). The astaxanthin material, composed of 2.0% (w/w) astaxanthin, was mixed with the powder diet. After 12 months of feeding, the rats were humanely euthanized as described above. Whole larynges were harvested from each animal and then the larynges were split into the left and right sides. The left sides of larynges were used for histological and immunohistochemical examination, while the right sides were used for real-time PCR.
Since Sprague-Dawley rats live to be approximately 24 months, eighteen-month-old rats were selected in the current study to represent aged animals.
Thirteen-week-old rats were used as a young control group (young group). 
High-performance liquid chromatography (HPLC)
In order to examine transmission of astaxanthin into the vocal fold, the whole larynges of ten rats were harvested; the epithelium and lamina propria of the vocal fold were dissected away from the larynx under the microscope. The dissected specimens were frozen quickly in liquid nitrogen and stored at -80°C until use. Since the vocal folds of rats are small, twenty vocal fold mucosa from the ten rats were put all together into one sample. Astaxanthin was extracted from the vocal fold mucosa with 2 ml acetone at room temperature. The extract solution was concentrated by evaporating. The residue was dissolved in 50 µl of acetone/hexane (2:8) solution and subjected to HPLC analysis.
HPLC was performed on a Hitachi (Tokyo, Japan) L-6200 intelligent pump with a Hitachi L-4250 UV-VIS detector set at 470 nm absorbance. Astaxanthin was detected by HPLC on a Cosmosil 5SL-II 250×4.6 mm i.d., column (Nacalai Tesque, Kyoto, Japan) with acetone/hexane as a solvent at a flow rate of 1.0 ml/min at room temperature.
Standard astaxanthin was provided by DSM Nutrition Japan (Tokyo, Japan).
Immunohistochemical and histological examinations
Age-related histological changes of the vocal fold were examined in the rats that were fed with or without astaxanthin. The harvested left sides of the larynges were immersed in 4% paraformaldehyde for 24 hours then in 30% sucrose for 24 hours.
The tissues were then soaked in embedding medium (Optimum Cutting Temperature Compound; Tissue-Tek Inc., Kyoto, Japan) and frozen quickly with liquid nitrogen. Ten µm-thick cryostat sections (Leica, CM 1850 Kryostat; Leica Instruments GmbH, Nussloch, Germany) of larynges were made vertical to the glottis (coronal sections), air dried, and stored at -80°C until use.
For immunohistochemical examination, specimens were incubated overnight at 4°C with a rabbit anti-4-HNE antibody (Alpha Diagnostic International Co., San Antonio, TX, USA, 1:500) after blocking. Samples were washed, then incubated overnight at 4°C with Alexa-Fluor 488 goat anti-rabbit IgG (Invitrogen, France, 1:500).
4', 6'-diamidino-2-phenylindole dihydrochloride (DAPI) was used to stain cell nuclei in each specimen. Omission of the primary antibody served as a negative control. Images were captured with a Biorevo BZ-9000 microscope (Keyence Co., Osaka, Japan).
Immunohistochemical staining of all the samples occurred simultaneously and all images were captured at 10X magnification with the same exposure and shutter speed.
For histological examination, Alcian blue staining and a hyaluronidase digestion technique were performed to identify HA. In addition, Elastica van Gieson staining was performed to identify collagen. Images were captured at 10X magnification with a Biorevo BZ-9000 microscope.
Biorevo BZ-H1C and BZ-H1M software (Keyence Co.) was used to measure the 4-HNE-immunopositive areas in immunohistochemistry and blue-stained areas in Alcian blue staining. This software automatically measures the area of a designated color in a section. The threshold of 4-HNE-immunopositive or blue-stained color was determined by the examiner and saved by the computer. Under the same color criteria, the 4-HNE-immunopositive and blue-stained areas were measured in the entire lamina propria of three different regions in the vocal fold: anterior, middle, and posterior portions. These areas were then totaled (S1) for each vocal fold. In addition, the areas of the lamina propria were measured in all the regions and totaled (S2) for each vocal fold. The ratio of 4-HNE-immunopositive area, or blue-stained area, was determined by dividing S1 by S2 for each vocal fold. The ratio of HA-stained area in the LP was determined by subtracting the ratio of the blue-stained area of the section with hyaluronidase digestion from that of an adjacent section without digestion. These assessments were performed in a blinded fashion in which the examiners were not informed of the experimental group to which each section belonged.
Real-time PCR
In order to examine gene expression in the vocal folds, the harvested right sides of larynges were immediately immersed in RNAlater (QIAGEN, Valencia, CA, USA), incubated overnight, and then the epithelium and LP of the vocal fold were dissected away from the larynx under the microscope. The dissected specimens were frozen quickly in liquid nitrogen and stored at -80°C until use. The RNeasy Mini Kit (QIAGEN) was used to isolate total RNA following the manufacturer's protocol. The quantity and quality of the RNA were evaluated by measuring the A260/280 ratio of the RNA samples. Reverse transcription was performed using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) using the manufacturer's recommended reaction protocol. Reactions were performed with a Veriti Thermal Cycler (Applied Biosystems) using the following parameters: 25°C for 10 minutes, 37°C for 120 minutes, 85°C for 5 minutes, and 4°C for 5 minutes.
We examined the mRNA expression of hyaluronic acid synthase (HAS)-1, HAS-2, and HAS-3, procollagen types I and III, matrix metallopeptidase (MMP)-1a, MMP-8, basic fibroblast growth factor (bFGF), hepatocyte growth factor (HGF), and beta 2-microglobulin (as a endogenous control). Rat-specific primers were used. The primers were synthesized by Hokkaido System Science Co, Japan and are displayed in Table 1 
Statistical Analysis
One-way factorial analysis of variance (ANOVA) followed by a Tukey-Kramer post hoc test was performed to investigate the differences of the mRNA expression of HAS-1, HAS-3, MMP-1a, MMP-8, and HGF between the three groups. A Kruskal-Wallis test followed by a Steel-Dwass post-hoc test was performed to investigate the difference of the expression areas of 4-HNE, HA ratio, and the mRNA expression of the other genes because the data failed tests for homogeneity of variance. Differences of p < 0.05 were regarded as statistically significant.
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Results
Transmission to vocal folds of astaxanthin HPLC chromatogram of the extraction from the vocal fold mucosa showed the peak corresponding to astaxanthin (Fig. 1) . Although this peak was so small that astaxanthin content could not be quantified, this suggests the existence of astaxanthin in the vocal fold mucosa.
Survival of aged rats
Seven of ten rats survived in the aged Ast-treated group, while five of ten survived in the aged sham-treated group.
Expression of 4-hydroxy-2-nonenal (4-HNE)
The expression of 4-HNE increased with aging in the LP of the vocal folds (Fig.   2) . Image analysis showed a significant increase of 4-HNE-immunopositive areas in both aged groups as compared to the young group. There were no significant differences in the 4-HNE-immunopositive area between the aged sham-treated group and the Ast-treated group.
Histological examination
Alcian blue staining and a hyaluronidase digestion technique showed the deposition of HA (Fig. 3) . Image analysis showed that the deposition of HA in the LP was significantly reduced in the aged sham-treated group compared to the young group. No significant differences were observed between the aged Ast-treated group and the young group (p=0.21), or between the two aged groups. Elastica van Gieson staining showed excessive deposition of disorganized collagen in the LP in both aged groups.
Real-time PCR
The mRNA expression ratios of several extracellular matrix genes were 14 examined (Fig. 4) . The two aged groups showed significantly down-regulated mRNA expression of HAS-1, HAS-2, HAS-3, procollagen types I and III, MMP-1a, and MMP-8 as compared to the young group. Regarding the expression of growth factor genes, there were no significant differences in the expression of bFGF (p=0.36) or HGF (p=0.30) between the aged Ast-treated group and the young group, although the aged sham-treated group showed significantly down-regulated expression of these genes as compared to the young group (Fig. 5) . No significant differences were observed in the expressions of these genes between the two aged groups.
Discussion
In the current study, the age-associated histological change of vocal folds was consistent with previous studies. [13] [14] [15] The deposition of HA in the LP was significantly reduced in the aged sham-treated group compared to the young group. Excessive deposition of disorganized collagen was observed in the LP of the aged vocal folds. By immunohistochemical examination, the expression of 4-HNE increased significantly with aging, which suggests an age-associated accumulation of oxidative stress in the vocal folds. In addition, the mRNA expression level of genes involved in ECM organization of the LP decreased significantly with aging.
Unfortunately, the current preliminary study showed no significant differences in any of the examinations between the two aged groups. This study has some limitations. Possible reasons are a sampling size and bias. Although twenty rats (ten per each group) were used at the beginning of the study, just twelve rats survived and were analyzed at the endpoint of this study. And the animals that survived may be more tolerant of oxidative stress, which may lead to sampling bias. The small sample size and possible sampling bias may have affected the result analysis.
The other limitation of the current study is a lack of knowledge about what dose is required to be effective for the vocal fold. Astaxanthin administered orally can transmit into vocal fold mucosa, which is suggested by the current HPLC study. Our previous study showed that 100 mg/kg/day astaxanthin administered by oral gavage for six days could influence the vocal fold. 22 However, it is difficult to continue the administration by oral gavage for a long time. Therefore, we decided to feed the rats a diet containing 0.01 % (w/w) astaxanthin by referencing a previous study. 23 Nakano et al. fed seven-week-old rats a diet containing 0.01 % (w/w) astaxanthin and another antioxidant for 12 weeks and their examinations after feeding showed a significant reduction in the levels of various oxidative stress markers. However, the dose administered in the current study may not be enough. The administration of an increased amount of astaxanthin, or in combination with other antioxidants, might reveal a better outcome.
On the other hand, no significant difference was observed in the deposition of HA in the LP between the aged Ast-treated group and the young group, although the aged sham-treated group showed a significant reduction of HA compared to the young group. It is sure that the small sample size might influence the result analysis, but this suggests that the administration of astaxanthin might contribute to the prevention of an age-associated reduction of HA. Since HA is regarded as an essential molecule for ideal viscoelasticity of the vocal folds, the preservation of HA is thought to contribute to maintenance of favorable mucosal vibration. In addition, there were no significant differences in the mRNA expression of bFGF or HGF between the aged Ast-treated group and the young group, although the aged sham-treated group showed significantly down-regulated expression of these genes as compared to the young group. Growth factors such as bFGF and HGF have been reported to have the potential to improve age-associated change of vocal folds. [24] [25] [26] [27] Moreover, a clinical trial was performed in Japan using bFGF for aged vocal folds, which demonstrated bFGF was effective for aged vocal folds. 28 In our previous study, 22 mRNA expression ratios of basic fibroblast growth factor (bFGF) and hepatocyte growth factor (HGF) in the young group, the aged sham-treated group, and the aged astaxanthin (Ast)-treated group. Although the aged sham-treated group showed a significantly down-regulated expression of bFGF and HGF as compared to the young group, there were no significant differences in the expression of these genes between the aged Ast-treated group and the young group. Bars represent the standard deviation. *: p < 0.05, compared to the young group.
